ABSTRACT Field experiments were conducted to identify predators of southern masked chafer, Cyclocephala lurida Bland, and Japanese beetle, Popillia japonica Newman, eggs in turfgrass soil and to measure the predation that occurs. IdentiÞcation of egg predators was determined by direct observation through buried Plexiglas plates of artiÞcially placed eggs. Predation rates of Japanese beetle eggs was further measured using buried bait stations Þlled with eggs. Up to 73% of eggs in the soil were taken within a 72-h period. Ants were found to be the predominant predator accounting for up to 83% of the eggs taken. One species of ant, Solenopsis molesta (Say), proved to be the primary ant predator of eggs in turfgrass.
THE MOST DESTRUCTIVE turfgrass insect pests in the Midwestern United States are two species in the family Scarabaeidae, the southern masked chafer, Cyclocephala lurida Bland, and the Japanese beetle, Popillia japonica Newman. In high concentrations the larvae of these turfgrass inhabiting scarabs can kill large areas of turfgrass resulting in signiÞcant esthetic injury and substantial costs in reseeding or resodding. This potential damage, combined with the fact that scarab problems can recur annually, has resulted in the prophylactic use of insecticides by most turfgrass managers.
Although these turfgrass-inhabiting scarabs are serious perennial pests of turfgrass, not all turfgrass is infested each year. Large areas of turfgrass are left undamaged, whereas surrounding areas may be destroyed yearly. Abiotic as well as biotic factors affect scarab infestations (Potter 1983, Potter and Gordon 1984) ; however, exactly how these factors interact is not fully understood. The importance of egg and early instar predation by natural enemies may not be fully appreciated. A recent study found that up to 74% of artiÞcially buried Japanese beetle eggs were taken by natural enemies in untreated turfgrass plots (Terry et al. 1993) . When insecticide treatments were made before Japanese beetle oviposition, predation dropped by 70%. Other research has shown that pesticides signiÞcantly affect populations of entomophagous arthropods, with the duration of the impact varying according to the taxa of insect or mite, and the rate and kind of insecticide applied (CockÞeld and Potter 1983 , 1985 Zenger 1997; Kunkel et al. 1999) .
Most attempts at identifying the predators of turfgrass pest eggs or larvae have been conducted in the laboratory by placing eggs or larvae in petri dishes with various predators and observing consumption (CockÞeld and Potter 1984, Terry et al. 1993) . However, conclusions based on this method alone are suspect because these types of experiments fail to measure the predators effectiveness at locating eggs or larvae in natural soil conditions. In light of these Þnd-ings we chose to identify the predators of scarab eggs in turfgrass and assess the extent of the predation through in situ observations and experiments.
Materials and Methods

1994
Predator Observations. In 1994, direct observations were made based on the method of Brust (1991) adapted for turfgrass as described herein. The experiment was conducted at two different sites. The Þrst site was a well maintained and irrigated plot (11 by 20 m) of Kentucky bluegrass, Poa pratensis L., at the Purdue University Agronomy Research Center, surrounded on all sides by at least 30 m of turfgrass. The second site was located in a residential neighborhood in West Lafayette, IN, Ϸ5 km from the Agronomy Research Center. This second site was a nonirrigated, low maintenance, Kentucky bluegrass area (12 by 20 m) surrounded on three sides by shrubbery. No insecticides had been applied to either site according to records available.
Rectangular pieces of clear Plexiglas (20 by 30 cm) were prepared with a beveled edge to permit easy placement in the soil. A slice was made through the turfgrass thatch and root zone with a metal blade and the Plexiglas was vertically inserted through the slice and hammered into the soil until the top edge was ßush with the soil surface. These plates were placed Ϸ1.5 m apart, in rows of 10. Five rows were placed at the Agronomy Research Center, and two rows at the residential area. A removable section of turfgrass and soil was cut from one side of the Plexiglas to allow observations of the soil proÞle and root system exposed on the opposite side of the Plexiglas (Fig. 1a) . This removable section was placed back in the hole whenever observations were not being made.
Eggs and Þrst instars were collected by gathering adult southern masked chafer from bentgrass, Agrostis palustris Huds, and various light sources at night. Collected adults were placed in covered plastic boxes (10 by 35 by 12 cm) containing Ϸ5 cm of sifted, moist, sandy-loam soil as an oviposition medium. Eggs were sifted from the soil and stored at 5ЊC in petri dishes lined with Þlter paper. A 1% agar base under the Þlter paper was used to keep the eggs moist (Roberts 1963) . First instars were obtained by holding eggs of uniform age at room temperature and allowing them to hatch.
Southern masked chafer eggs and larvae were placed in the soil next to the nonexcavated side of the Plexiglas by passing a probe from the soil surface on the nonexcavated side of the Plexiglas at an angle to contact the Plexiglas at a predetermined depth (Fig.   1b) . The probe was then replaced by a hollow tube through which the eggs were deposited into a position visible from the exposed side of the Plexiglas. The hollow tube was then removed and the resulting tunnel collapsed. On 18 July, nine eggs were placed in this manner at each Plexiglas, with three eggs placed at each of three different depths: 4, 8, and 12 cm, below the soil surface. Observations of eggs and any predator activity were made at 2-h intervals for 24 h. On 6 August, six Þrst instars were placed in a similar manner at each Plexiglas, with three placed at a depth of 4 cm and three at 12 cm. Observations were made every 2 h for only 6 h, rather than 24 h, because of the tendency of the larvae to move out of view.
Although larval predation was equal to or greater than egg predation, the remaining studies focused on eggs because of the ease of handling and the fact that they do not crawl away or die quickly. A switch was also made from southern masked chafer to Japanese beetle eggs because of the greater abundance of adults and ease of collecting large numbers of eggs. Although no comparison of attractiveness to predators between the two types of eggs was made, the subterranean life history, egg size, and placement of the southern masked chafer and Japanese beetle are so similar (Tashiro 1987 ) that the results should be applicable to both species.
1995 Predator Observations. In 1995, further experiments were conducted at the Purdue University Agronomy Research Center in an area Ϸ75 m from the 1994 experimental plots. Unlike the 1994 plots, this turfgrass was relatively unmanaged and was nonirrigated before the experiment. Eggs were collected by trapping adult Japanese beetles using a standard Trece Japanese beetle trap (Trece, Salinas, CA) baited with a 3:7:3 phenethyl propionate: eugenal: geraniol mixture (Ladd et al. 1981) . Captured adults, along with grape leaves for food, were placed in plastic 19-liter buckets Þlled with 20 cm of sifted moist sandy loam soil. Eggs were recovered and stored as previously described. Thirty-six Plexiglas plates, spaced 6 m apart in a square grid pattern, were inserted into the turfgrass as before (Fig 1) . Two eggs were placed at 4 cm deep and two eggs at 12 cm deep, in the manner previously described. Relative predation of Japanese beetle eggs within plots was measured on 12 July and 18 August using direct observation of egg predation. On 12 July, observations were made at 4 and 24 h after placement. On 18 August, observations were made every hour for the Þrst 6 h, and once again after 24 h.
1996 Predator Study. During 1996, experiments were conducted at a large turfgrass area near the Purdue University Airport on the West Lafayette, IN, campus so that larger plot sizes than space would permit at the Purdue Agronomy Research Center could be used. The site was divided into 60 irrigated plots (10 by 10 m) composed of Kentucky bluegrass interspersed with common broadleaf weeds and annual grasses on sandy loam soil. The site was mowed weekly to Ϸ4 cm, irrigated as needed to prevent wilt symptoms, and received no fertilizer or herbicides during the year. Egg predation was measured and predators identiÞed using Plexiglas observation pits as described previously. On 31 July and 29 August a single Plexiglas plate was randomly placed within a 4 by 4-m square in the center of each of the 60 plots. Four eggs were placed behind each Plexiglas: two in each of two chambers 8 cm deep. Eggs placed on 31 July were monitored every hour for the Þrst 6 h, then once on each of the following 2 d. When no eggs were visible behind a Plexiglas plate, the plate was removed to verify that the eggs had been taken, and to observe any predators present. This was necessary because occasionally eggs had debris fall on them or were either moved out of sight by ants or obscured by ant excavations. All Plexiglas plates were removed after 48 h. Eggs placed on 29 August were monitored every 2 h for the Þrst 6 h and then daily for the following 3 d. Plexiglas plates were removed as previously described when eggs were no longer visible after 72 h.
A second experiment designed to identify egg predators was conducted using 1.5-ml microcentrifuge tubes (bait stations) containing four Japanese beetle eggs. Bait stations were buried 5Ð 8 cm deep in a hole formed with a large screwdriver after attaching a 15-cm length of red yarn to the hinged lid to help locate and retrieve them (Thompson 1980) . Eight egg-Þlled bait stations were buried equidistant from each other within the 4 by 4-m center of each plot. Empty bait stations were also placed in two plots to verify that ants found in the egg Þlled bait stations were attracted to the eggs and not just inhabiting a potential nest site. When buried, each bait station was Þlled almost completely with soil, effectively concealing the eggs and making their discovery as natural as possible. To identify the predators responsible for taking the eggs, the bait stations were monitored three times over 4 d. This was done by exhuming them and observing any predators visible through the clear tube. If any eggs were still visible the bait station was reinserted into the soil. At the end of 4 d all tubes were emptied, the remaining eggs counted, and any ants present identiÞed.
To compare predatory ant distributions, bait stations were placed in the experimental plots and at 30 different turfgrass locations in the greater Lafayette, IN, area.
Oil-packed tuna was used as a bait instead of eggs based on its attractants and its successful use in other ant population studies (Thompson 1980 , Risch and Carroll 1982 , Carroll and Risch 1983 , Gotelli 1996 . Included were nine home lawns, nine parks, eight golf course sites on two golf courses, and four highly managed lawns of large businesses. These locations were chosen because they represented different combinations of turfgrass area, management input levels, soil types, and soil moisture. On two dates, 20 June and 13 August, 16 tuna baited stations were buried Ϸ1 m apart in a square pattern in each location. After 24 h, the traps were recovered and the presence or absence and the species of ants were recorded. The precise sampling site at each location was chosen at random, although often within space limitations. Bait stations were collected after 24 h at which time trapped predators were identiÞed or retained for later identiÞcation.
Statistical Procedures. All data, except that from the ant distribution study, were subjected to analysis of variance (ANOVA) followed by Fisher protected least signiÞcant difference (LSD) test for comparison of predation by predator taxa (Steel and Torrie 1980, Abacus Concepts 1989) . Data from egg bait stations were arcsine-transformed to correct for heterogeneity of variance (Steel and Torrie 1980) . Voucher Specimens. Voucher specimens of all ant species were deposited in the Purdue University Insect Collection, West Lafayette, IN.
Results
Predator Observations. Results of the 1994
Plexiglas observations at the Agronomy Research Center revealed that 34% of the eggs placed were taken within 30 h. One species of ant, Solenopsis molesta (Say), was the dominant predator, accounting for 54% of the eggs removed (Table 1) . Two other species of ants were responsible for 13% of the eggs taken, whereas the remaining 33% were taken unobserved.
Only two predators were observed taking eggs at the low maintenance site, although 26% of the eggs were removed. One egg was observed being taken by a ground beetle, Scarites subterràneus (F.), and the other was taken by an unidentiÞed ant. Most of the eggs were taken during the Þnal 6 h of observations when observations were made less frequently. No S. molesta were observed in the study plots at this site, although they were found Ϸ10 m away. Larvae placed at the Agronomy Research Center on 8 August 1994 were rapidly preyed upon, resulting in a total of 29% missing after 6 h. S. molesta was the most dominant predator, accounting for 52% of the larvae taken (Table 1) . 1995 Predator Observations. July observations of Japanese beetle egg predation revealed that 55% of the eggs placed were taken within 24 h. S. molesta and Lasius sp. were the only species observed taking eggs, and they were responsible for 32 and 5% of the total eggs taken, respectively (Table 2 ). In the August observation test, 20% of the eggs placed were taken. Of the predators observed, S. molesta was dominant, taking 69% of the eggs removed. Two other ant species were the only other predators observed taking eggs, each being responsible for 7% of the total predation (Table 2) .
1996 Predator Study. Results of the egg bait station experiment revealed that ants were the principal predators of Japanese beetle eggs and that S. molesta, responsible for at least 65% of the eggs taken, are the most important predators (Table 3) . Other predators observed included two species of ants responsible for a total of 4% of the predation, adult beetles of the family Staphylinidae, and beetle larvae of the family Carabidae. These two beetle families combined were responsible for 4% of the predation. In total, 27% of the eggs taken were from the large number of bait stations in which no predator was observed.
Results from the 1996 observations also showed that ants are the principal predators of Japanese beetle eggs. S. molesta were again found to be the dominant predators, accounting for 68 and 57% of the egg predation during the July and August experiments, respectively (Table 4) . Both Tetramorium caespitum (L.) and Lasius sp. were observed removing eggs, whereas the balance of missing eggs, 17 and 24%, respectively, were taken unobserved. Pits in which S. molesta were observed taking eggs had signiÞcantly (P Ͻ 0.01) more eggs taken than pits where no predator was observed yet eggs were removed.
The survey of ant species in the Lafayette, IN, area revealed that S. molesta was the most prevalent ant species found by our sampling method. We also found that this species was present in all types of turfgrass habitats, from well-irrigated and highly managed golf course fairways and home lawns to dry unmanaged sites. It was notable that sites that had received regular applications of organophosphate insecticides were nearly void of ants. The species found in this survey and their relative proportions were similar to those found in the research plots on the Purdue University campus (Fig. 2) .
Discussion
Throughout this 3-yr study, ants were found to be the main predators of white grub eggs in the soil. This is a logical Þnding in light of the overwhelming numerical presence of ants in the turfgrass system and their ability to recruit additional workers (CockÞeld ANOVA and means separation based on arcsine ͌ y transformation of proportion of eggs found per trap. Means followed by the same letter are not signiÞcantly different by the Fisher protected LSD, P ϭ 0.01.
a Mean Japanese beetle eggs taken within 4 d from buried traps. and Potter 1983 and Potter , 1985 . Another Þnding of this study is the role of S. molesta as the dominant subterranean predator, not only in our research plots, but at numerous sites sampled throughout the Lafayette, IN, area (Fig. 2) . Accounts from a variety of agricultural and horticultural systems describe S. molesta as an important predator of insects associated with the soil (White 1940 , Jaynes and Marucci 1947 , Ayre 1963 , CockÞeld and Potter 1984 . This and other species in the same genus are considered one of the most important limiting agents in the spread of the imported Þre ant Solenopsis invicta Buren, due to predation on S. invicta queens (OÕNeal 1974 , Buren 1983 , Nichols and Sites 1991 . An indepth study of species closely related to S. molesta concluded that these ants as a group are not only signiÞcant subterranean predators but are far more important in the soil ecosystem than previously imagined (Thompson 1980) . Since this study was conducted, a study by Ló pez and documented the predation of black cutworm, Agrotis ipsilon (Hufnagel), eggs by Lasius neoniger Emery and S. molesta, and showed that ants are important predators of Japanese beetle eggs.
Observations made during this study suggest that ant foraging behavior is increased following soil disturbance. This behavior was most noticeable in the Plexiglas experiments where large sections of soil were removed and then replaced. For the Þrst 4 Ð 6 h after sections of soil were removed, far more ants were observed foraging in the bottom of the observation pits that were formed than were observed later. Because many invertebrates were unavoidably killed or injured during the excavation process, it is unclear if the ants were attracted to the scent of the injured prey or to other signals given off during or after excavation, or merely foraging in newly exposed territory.
Overall, this study showed that ants, particularly S. molesta, are the dominant predators of white grub eggs in this area, and that signiÞcant natural predation of these eggs does occur. These Þndings indicate that the conservation of these important natural enemies could improve the control of white grub pests. They also suggest that ant predation of other soil dwelling pests by should receive further examination.
